During the 18th APMP meeting in 2004, TCPR agreed that the luminous flux should be one of the several regional comparisons to be conducted in the field of photometry and radiometry, and the project was named as APMP.PR-K4.
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Participants, Transfer Standards and Operational conditions
List of Participants
In table 1 the participating laboratories are listed with their acronyms in the first column, the name of the laboratories in the second column, the economies they belong to in the third column, and the number of the lamps which were used as transfer standards in the last column. The pilot laboratory supplied 3 lamps for NML-SIRIM as transfer lamp.
)4
Formerly named as SPRING . * Participants of the 1997 CCPR key comparison CCPR K4
Transfer Standards and Transportation
Polaron type LF 200W lamps as used in the 1997 CCPR K4 comparison were chosen to be the transfer standards in this comparison. Each participant was to use a batch of transfer standards comprising of at least 3 lamps with a distribution temperature of 2750±50 K. The pilot laboratory provided 3 Polaron type LF 200W lamps as transfer standards for participants who don't own a batch of this kind of lamp. Only one participant, NML-SIRIM, used NIM's transfer standard. In the technical protocol of this comparison "hand-carrying" was recommended as the way of transporting the transfer standards and each participant would have to do two trips. Four participants NMISA, KRISS, NIMT and NMC-A*STAR transported their lamps by hand, others used the public transportation system. The filament hook of one lamp of NMC-A*STAR became disconnected from its supports during transport, but by comparing the initial measurement results with the returned results from NMC-A*STAR, the performance of the lamp was proved to be stable, so the results of this lamp were still included in the final results. 
Operational Conditions
Electric power supply: The transfer standards were operated at an individual current, given by the owner laboratory, so that the distribution temperature was (2750±50)K. The transfer standards mount in an E27 holder with the cap up. The electrical power supply was DC with the lamp current measured as the voltage across a standard re-FINAL REPORT sistance using a DVM. It was operated with a random polarity. The lamp current was to be ramped up slowly over about 1 min to the required value and photometric measurements were made after the lamp had been stabilized (7 minutes to 10 minutes after turning on) .The lamp voltage was measured at the vicinity of the cap using four-pole technique. After measurement the electrical power supply was ramped down slowly in about 1 minute. Thermodynamic conditions: The transfer standard is an incandescent lamp which is not very sensitive to environment condition, such as ambient temperature, humidity, etc. The suggested measurement conditions mainly include a temperature of 20 C to 25 C, a humidity less than 70% RH, and a variation of temperature less than ± 1 C. The exact temperature and humidity of the laboratory at the period of the measurements were to be reported as operational conditions. At the Pilot laboratory, the temperature of the photo-detector was controlled at (25±1) C by adjusting the environmental temperature during the measurement period.
Form of comparison
3.1 Method of comparison 3.1.1 NIM acted as the pilot laboratory. Most participants prepared a batch of lamps of their own as transfer standard except NML-SIRIM who used transfer lamps of NIM.
3.1.2
The comparison acted as a star type. Following this procedure, laboratories using their own transfer standards measured their lamps before shipped to NIM, together with the initial measurement results. All the shipped lamps and NIM's transfer standards for NML-SIRIM were measured together at NIM, after that the transfer standards were sent to the participants for re-measure. NML-SIRIM shipped the transfer standards to NIM after their measurement, then NIM re-measured these transfer standards.
Schedule
The comparison was delayed for various reasons, mainly due to some of the participants needing more time to prepare the artifacts, and delays also occured in the transportation. All the transferred standards were measured four times.
The transfer standards of NPLI were measured at the pilot laboratory.
Middle of November 2007~ end of November 2007.
NPLI lamps delayed about three months in customs.
Measurements
The luminous flux of each lamp was measured at least 2 independent times. Each independent time included more than one set of measurements, in which the lamp and facilities were reinstalled. A complete set included repeat measurements on the same lamp at the participant laboratory to obtain the appropriate accuracy as limited by the noise characteristics of their specific measurement facility. In the measurement report only the mean of the final declared values was to be included. Participants were reminded that the luminous flux of the transfer standard lamps will change with the operational burn time and so it was recommended that this be kept to a minimum, and the burn time be reported to the pilot laboratory. In pilot laboratory (NIM), the measurements were carried out with complete substitution method using an integrating sphere photometer, which cancels out some of the systematic errors, providing the instrumentation is stable over the duration of the comparison. Each lamp was measured at least 4 times within the campaign, at each time two sets of measurement were made, and the photocurrent for one measurement was averaged from 10 readings. During the comparison, the stability of the NIM measurement setup was monitored with a batch of monitor lamps, and the reading changes of the monitor lamps were used to verify the photocurrent response of the photometer. The distribution temperature of each participant's lamps was also checked by the pilot laboratory (NIM).
The measurement facility at NIM
5.1Basis of the luminous flux scale
The facility of realizing candela at NIM consist of a group of seven electrically calibrated radiometers with conical cavity, precision aperture, high quality V(λ) filters and FINAL REPORT secondary standard luminous intensity lamp. The luminous flux unit is based on an independent realization by means of goniophotometer, which is traced to the luminous intensity scale.
Description of the NIM integrating sphere photometer
An integrating sphere photometer, shown in Fig. 2 , was used in this comparison with 2 m diameter. The diameter of the baffle is about 240 mm and the distance from the Fig. 3 . The photo-detector is made by Inphora with V() filter , cosine adapter, f 1 ' of 1.5%, and a temperature sensor is located very close to the photo-detector to monitor its temperature. An auxiliary lamp located at the bottom of the sphere.
The spectral reflectance of the inner coating of the sphere is shown in Fig. 3 .
The spectral mismatch correction
In this comparison, the distribution temperature of all the transfer standards are within the range of 2725 K to 2799 K, and a spectral mismatch correction was made to every lamp according to its distribution temperature. The relationship of the distribution temperature of the transfer standard versus the spectral mismatch correction factor is shown in 
Nonlinearity
NIM nonlinearity measurement equipment is set up based on the conjoined-beam method. Beams were established with a tungsten lamp and a beam splitter, separately and then added. The measurement results are shown in Table 3 as count rates from the photometer. The count rate of the integrating sphere photometer of NIM for the LF200 lamp was 5000-6000, so nonlinearity correction was not required for the response of the photometer. FINAL REPORT 
Absorption correcting factor
The integrating sphere has an auxiliary lamp at the bottom of the sphere, with a small baffle located before the auxiliary lamp. The LF 200W lamp has two kinds of base, one with and one without electroplated chromium. They show different absorption factors in the integrating sphere The absorption correcting factor of the one with chromium is about 1.00357 , and the one without chromium is about 1.00471 .The absorption factor of each lamp was measured twice in NIM, and the average was used to correct the photometer reading.
Uncertainty budget
The candela is realized by an electrically calibrated radiometer at NIM, with a group of BDQ7 and BDQ8 gas-filled tungsten-filament lamps developed as secondary standards for maintenance of the unit. The luminous flux unit lumen is derived from the candela by a goniophotometer on a batch of luminous flux lamps including 11 LF 200 lamps. These 11 LF 200 lamps were used to maintain the luminous flux unit. A batch of 7 LF 200 working standards was calibrated in a 2 m integrating sphere photometer, and used in this comparison making a link to the CCPR K4 comparison. The uncertainty budget for the NIM measurements is shown in Table 4 . An integrating sphere is used as the transfer facility, with a diameter of 167 cm, and the diameter of baffle is 11.5 cm; the distance from the baffle to the integrating sphere centre is 36.5 cm, the integrating sphere coating is BaSO4. The detector is made by LMT, with f 1 ': 1.4 %.
. Table 5 Uncertainty budget of CMS Basis of the luminous flux scale: A room temperature absolute radiometer fitted with a V(λ) filter and precision aperture, using an incandescent lamp, forms the basis of the realization of the candela at the NMISA. The measurement is transferred to a photometer, which is used to calibrate luminous intensity standard lamps. The lumen is derived from the candela by a goniophotometer and maintainted by a network of 6 primary standard lamps and 6 working standards.
Description of the measurement facility to calibrate the transferred standard:
The goniophotometer consists of a main beam,4.2 meters in length, which is driven by a DC motor to rotate around a horizontal axis through its centre. One arm of the beam carries the photometer head, while the lamp to be measured is placed on a stationary structure at the centre of the revolving arm. The effective lamp-detector distance is 1.7 m. A LMT photometer with a spectral response approximating the V(λ) function was used, with 
KRISS
The luminous flux scale establishment: A set of 100 W inside-frosted tungsten lamps (not LF 200-type lamps) constitutes KRISS working standard of total luminous flux, all of which have been calibrated using the KRISS goniophotometer. The illuminance scale used in the KRISS goniophotometer is traceable to KRISS Cryogenic Radiometer.
Description of the measurement facility to calibrate the transfer standard:
An integrating sphere photometer was used to calibrate the set of transfer standard lamps. The diameter of the KRISS integrating sphere is 200 cm and its detector baffle has a diameter of 30 cm. The baffle is located at 67 cm from the center of sphere. The inner surface of the sphere is coated with BaSO 4 . The detector model is LMT P15FOT (clear window, 
NIMT
Basis of the luminous flux scale:
The NIMT luminous flux scale is traceable to the realization of the SI unit of candela at NMIJ. Other influencing quantities such as electrical potential, electrical resistance and ambient temperature are metrologically traceable to the corresponding SI units through calibration with NIMT national standards which have been calibrated at either PTB or NMIJ where the realization of the units took place.
Description of the measurement facility to calibrate the transfer standard :
The sphere is 2.0 meters in diameter. The inside surface of the sphere is coated with PHP 80 which has the fairly flat spectral reflectance of approximately 80 % throughout the visible region. The photometer head is made of a Si-photodiode and V(λ) filter with spectral mismatch factor, f 1 ' < 1%, an opal glass diffuser, and a thermostat. The photo-current signal is amplified and converted to voltage signal via an external current-to-voltage amplifier unit. The self-absorption is evaluated via the use of an auxiliary lamp. 
NMIJ/AIST
Basis of the luminous flux scale: NMIJ luminous flux scale has been derived from the NMIJ luminous intensity scale by means of goniophotometer. The NMIJ luminous intensity scale has been realized based on the illuminance responsivity scale of a photometer, which is traceable to the absolute spectral responsivity scale originated from the NMIJ electrical substitution cryogenic radiometer.
Description of the measurement facility to calibrate the transferred standard:
NMIJ made all the luminous flux calibration for the transfer standard lamps by using an integrating sphere. The integrating sphere is 1.5 m in diameter and has BaSO 4 sprayed coating with averaged diffuse reflectance of approximately 97 % in the visible region. The diameter of the baffle in the integrating sphere is 150 mm, and the distance between the baffle and the lamp is about 300 mm. As for the auxiliary lamp, a 150 W tungsten halogen lamp is used. 
The calibration of a tungsten filament lamp in terms of its luminous flux is performed by comparison with a standard lamp of known luminous flux, using a 1.5 m diameter integrating sphere with silicon photodiode photometer as the transfer device. The method used is essentially one of direct substitution of the test lamp for the reference lamp. The integrating sphere with photometer is first calibrated using one of the standard lamps. After reference lamp is calibrated, replace the reference standard lamp with lamp under test. To complete the cycle, the reference lamp is calibrated again. The coating of the integrating sphere is BaSO 4 and the distance between the baffle and the centre of the integrating sphere is 35 cm.
The lamp used in this comparison was Polaron incandescent lamp serial number P 240 with total luminous flux value of 1077 lumen at current and voltage setting 1.1090 A and 101.54 V respectively. 
NPLI
Basis of the luminous flux scale: The goniophotometer is used to calibrated a group of three Polaron 200 W lamps having color temperature of approximately 2800 K. These lamps are used as primary standard to measure the luminous flux of the three transfer standards lamps (Polaron LF 200W) using the integrating sphere. The realization and maintenance of the primary scale of optical radiation is by an indigenously developed ESR (also called absolute radiometer). The luminous intensity scale is derived through these absolute radiometers.
Description of the measurement facility to calibrate the transferred standard: In the measurement an integrating sphere with a diameter of 2.5 m is used. This sphere has one observation port of approximately 40 mm diameter to mount the detector assembly and also the other port is for an auxiliary lamp. The sphere is coated with BaSO4 sphere paint having approximately nonselective spectral reflectance of 0.85. The baffles are changed according to the size and shape of the lamps. A cosine corrected silicon photodiode with V() filter is mounted at the observation port of the integrating sphere. The integrating sphere photometer was used for the calibration of the 3 transfer standard lamps. The integrating sphere is 2 meters in diameter with 0.5 meter intermediary, and the photometer head used is thermostabilised. A baffle is placed between the lamp and the photometer head. The distance from the baffle to the integrating sphere centre is 750 mm. An auxiliary lamp for absorption correction is located opposite to the opening of the photometer head. The integrating sphere coating has a reflectance of about 95% over the visible wavelength range. 7. Analysis of measurement result
Measurement results between the participant and pilot laboratory
The transfer standards were measured twice in each participating laboratory except for NIML-SIRIM. The initial and returned measurement values show little difference. This means the artifacts were stable during the time span of the comparison. The transfer standards of NIM were measured twice at NIM, and once at NIML-SIRIM. The average of the initial and returned values is considered as the measurement result of the laboratory. The reported initial and returned measurement value are shown in Table 21 . The average of the reported results, NIM's measurement results and the ratio NIM NMI   , mean of ratios of each participant to NIM, are shown in Table 22 . FINAL REPORT 
Measurement Uncertainties
The uncertainty of the participant result in this comparison should include the uncertainty in the participant laboratory and in the pilot laboratory. Components are defined as follows:
The claimed uncertainty of the participant which includes the realization and maintenance of the luminous flux unit and transferring to the batch of transferred standards.
At the pilot laboratory, two source of uncertainty have to be regarded U rel (homog.) The homogeneity of a batch of lamps used by a participant as transfer standards, the homogeneity is calculated individually for each participant using the following formula.
where j is the number of transfer standards of a participant, k is the number of the par- The combined standard uncertainty of each participant in this comparison is:
The uncertainties mentioned above are listed for each participant in table 24 and are also used in Fig.5 to draw uncertainty bars.
Agreements among laboratories
As all participant measurement results are compared with the pilot laboratory NIM. It is possible to use NIM's value as a reference to calculate the difference between any two participants and check whether they agree within the uncertainty, as show in table 24 and Fig. 5 . 
Linking to the CCPR Key Comparison
Calculation of the comparison reference value
Linking of the APMP regional comparison to the CCPR K4 Key Comparison follows the method described by Elster, Link and Woger (2003) . Three of the participating laboratories -NIM, NMISA and NMIJ/AIST participated in the CCPR luminous flux comparison. It is assumed that the link laboratory results in the CCPR comparison and RMO comparison are uncorrelated. When calculating the key comparison reference value (KCRV) as a mean weighted by laboratory uncertainties, CCPR apply a lower-limit to uncertainty that is derived as the average of the uncertainty values of those participants whose reported uncertainties smaller than or equal to the median of all the participants; for CCPR K4 this value was 0.30 %. In calculating the linking value from this comparison, the uncertainty of the NIM result is raised from its measured value of 0.26 % to the cut-off value of 0.30 %. Table 25 shows the results from the APMP comparison to be used to link to the CCPR comparison. Table 26 . Uncertainties are combined standard uncertainties. Again to calculate the weighted average for these laboratories in the CCPR comparison, the weighting parameter for NIM is increased to the cut-off value of 0.30 %. The weighted average CCPR  of the three laboratories at CCPR K4 is calculated using weighing parameter w k. FINAL REPORT 
9.Discussion
For the three APMP laboratories linking this comparison to the CCPR comparison, the degrees of equivalence to the KCRV value are consistent between the APMP and CCPR level (Table 28) .
